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Abstract

The Army Research Laboratory has developed a scaegble, 3D, multiphase, computationa fluid
dynamics (CFD) code with gpplication to gun propulsion (interior ballistics) modding. The NGEN3
code, which incorporates generd continuum equations aong with auxiliary relations into a modular code
structure, is reedily transportable between computer architectures and is gpplicable to awide variety of
gun propulsion systems. Two such systems are the Army’s Modular Artillery Charge System (MACS)
and the Future Combat System (FCS). The MACS is being developed for indirect fire cannon on both
current and developing (e.g., Crusader) systems. The efficiency of the MACS charge is dependent on
proper flamespreading through the propelant modules, a process that has been repesatedly
demondrated in gun firings, successfully photographed using the ARL bdligics smulator, and
numerically modeed using the NGEN3 code. The FCS requires weagpons systems exhibiting increased
range and accurecy. One of the technologies under investigation to achieve these goas is the
eectrotherma-chemicd (ETC) propulson concept, in which dectrically generated plasma is injected
into the gun chamber igniting the high-loading-density (HLD) solid propdlant charge. NGEN3 code
development and application to the MACS and FCS is currently a DoD HPC Grand Challenge (No.
112) and is being greatly advanced by access to the DoD high performance computers (HPCs).

Introduction

A solid propellant gun system consists of a reaction chamber connected to a gun tube through
which a projectile is guided once propelled by pressurization of the chamber. Chamber pressurization is
accomplished by placing a solid propellant (SP) charge in the chamber and igniting it by various means.
Current SP charges are generally complex dructures condsting of hundreds or even thousands of
distinct regularly formed (e.g., sphericd, cylindrical) grains, which may be loaded in ether regular or
random arrangements. In addition to small-scae voidage between grains (i.e., porosty) many charges
aso contain large-scde voidage (i.e, ullage), which surrounds the entire charge (such as when the
charge does not fill the entire chamber volume) or separates digtinct subcharges (i.e., increments or
modules) that together comprise the whole charge. The addition of energy to the chamber, usudly near
the gun breech, or rearmost end of the chamber, and in some cases through a tube extending aong the
centerline of the chamber, ignites the SP. In generd, dl of the grains are not ignited smultaneoudy, but
an ignition flame spreads from the breech to the projectile base. The burning of the SP trandforms
chemical energy into heet as hot gases evolve from the surface of each grain of propdlant. Initidly the
projectile ressts movement alowing the pressure in the chamber to climb rapidly. Since the burn rate of
the propellant is proportiona to the pressure, hot gases are produced at an accelerated rate until peak
pressure is reached in the chamber. Movement of the projectile down the gun tube, usudly dight before
pesk pressure and much more sgnificant afterwards, causes the chamber volume to increase, and



generates rarefaction waves, which lower the pressure and thus the burn rate of the propdlant. Upon
ignition and burning, the gas dynamic flowfidd in the gun chamber takes on a highly complex sructure
that includes the dynamics of propdlant motion and combugtion and various gas dynamic flow
phenomena such as turbulent mixing, highly trangent pressure waves, seep gradients in porosity and
temperature, non-ided thermodynamics, and gas generation.

As a direct result of the complexity of the interior baligtic event, briefly described above,
numerica smulation of the multiphase gas dynamics and propellant combustion in a gun chamber is
critically important to gun charge design. In some cases a new charge desgn is not peforming as
planned and numericd Imulaions are used to ducidaie the important physics involved during
flamespreading in the SP and augment experimenta data gathering during gun firings.  These efforts
commonly lead to subtle charge design changes that increase the efficiency of the new design. In other
cases a new charge design can generate pressure waves of dangeroudy high levels that ingppropriately
dress the gun system. A centrd god in computer modeling of the interior balistics event is to predict
the maximum pressure in the chamber and the projectil€s gun tube exit velocity (or muzzle veocity). For
some SP charges, successful modeding can be accomplished using one-dimensiona, single-phase,
“lumped parameter” modeds, which are based on the assumption that grains and the products of
combustion condtitute a well-gtirred mixture. However, it has long been recognized that many charges,
especidly those involving multiple increments and complex digtributions of ullage, the effects of which
are nonuniformities in certain interior balidic events (eg., ignition, flamespreading), can only be
amulated on the basis of a multidimensond multiphase flow modd. In an ETC gun, the plasmainjection
event and the resulting plasma convection, diffuson and participation in ignition and flamespreading,
through the SP, isdso most accuratdy smulated using a multidimensionad multiphase flow modd.

Building on a successful higtory of gun propulson modding and smulation, the Army Research
Laboratory has developed a next generation interior balistics modd, NGEN3, which incorporates
three-dimensond continuum egquations along with auxiliary relations into a sngle code dructure that is
both modular and transportable between scalesble computer architectures.  Since interior baligtics
involves flowfiedd components of both a continuous (i.e., air and gaseous combustion products) and a
discrete (i.e, solid propdlant) nature, an Eulerian/Lagrangian gpproach is utilized. On a sufficiently
amal scde of resolution in both space and time, the components of the flow are represented by the
baance eguations for a multicomponent reacting mixture describing the conservation of mass (globa
and species), momentum, and energy. A macroscopic representation of the flow is adopted using these
equations derived by a formd averaging technique applied to the microscopic flow. The numerica
representation of these equations and congtitutive laws, as wdl as the numericd solution thereof, is
based on afinite-volume discretization and high-order accurate, conservative solution schemes.

The Grand Challenge—Maotivation for the Project

The Army requires gun propulsion charges for both legacy systems (i.e., in-direct fire cannon
employing the Modular Artillery Charge System, MACYS) and the Future Combat System, FCS (i.e,
direct-fire wegpons employing high-loading density charges). Development of the propelling charges for
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these systems requires advanced physics-based modding. Until the advent of the NGEN3 code, the
gun propulsion-modeling environment was one in which separate codes were used to analyze different
propulson schemes, with no sngle code able to address severd systems. This Stuation rendered
comparison of baligtic performance for various systems cumbersome and inconclusive. In contradt, the
multiphase continuum equations that represent the physics of gun propulsion comprise a set of generd
equations applicable to gun propulson sysems in generd. Thermodynamic dtate equations and
condtitutive laws, as well as boundary conditions represent differences in system detals. The ARL’s
NGEN3 multiphase CFD code for solid propellant combustion represents the sole DoD code that is
able to smulate the highly complex physics associated with indirect- and direct-fire guns. The NGEN3
code includes vdidated subroutines for both modularly packaged granular charges and high-loading
dengity (HLD) charges in which various SP media are employed. In addition, the NGEN3 code
includes plasma injection and mixing models. The ARL is therefore poised to use high-performance
computers (HPCs) to impact the devdlopment of new gun charges and gun systems that will be the
subject of intense research and development for many years.

The Army’s Modular Artillery Charge System (MACYS) is the propulsion system for al fielded
155mm guns including the Crusader cannon. The MACS charges are designed to both sgnificantly
increase muzzle energy and to be suitable for gpplication in automated loading systems. As a result of
the modular charge design there is a physcad barier (i.e, the case) a the interface between two
adjacent charge increments. Since direct ignition transfer is therefore impeded, charge ignition may not
proceed in the order in which the charges are loaded into the gun chamber without a highly effective
ignition system. These system-specific details (such as the propdlant module cases and igniters) must be
modeled as part of the overdl numericd smulaion and cannot be accurately treeted with less than a
multi-dimensional CFD code (i.e.,, 1D “lumped-parameter” modes cannot properly modd the MACS).
The efficiency of the MACS chargeis highly dependent on proper flamespreading through the modules,
which can only be modded using the NGEN3 code since ignition, and flamespreading in the MACS
charge is largdly three-dimensiond. Data from experimenta pressure tgps located on the gun chamber
wall and even photographs and movies of the MACS in the ARL’s clear-tube balistic smulator do not
provide enough detail, in some cases, to diagnose the performance of the MACS charge. PM-
Crusader, recognizing the vast importance of numerica smulations, has increased demand on the
NGENS3 code. Itisone of the ARL’stop mission priorities to support PM-Crusader and the ARDEC.

The Army’s Future Combat System (FCS) requires weagpons systems exhibiting greater range
and accuracy. Severd technologies are under investigation in order to achieve these gods. HLD charges
consg of SP cast in severd mediatypes (e.g., grains, sticks, and disks) combined into a single charge.
These combinations aong with smal-scale gaps between SP media and large-scde ullage around the
projectile afterbody create specia concerns for efficient ignition and flamespreading in the HLD charge.
A promising ignition technology for HLD charges is the Electrothermd-Chemica (ETC) concept. In
the ETC gun, energy, which is stored ether in batteries or a rotating device, is converted on demand
into an eectricaly generated plasma (resulting from the ablation of polyethylene materid in a capillary)
that isinjected into the chamber in a howitzer or gun. This plasma energy is used to ignite the chemica

3



propulsion charge (e.g., solid propellant) as well as to enhance gun performance by taking advantage of
a number of unique plasma characterigtics. For example, a low dengty plasma jet can efficiently ignite
charges of high loading dengty, can control propelant mass generation rates, can reduce propdlant
charge temperature sengtivity, i.e., the variation of gun performance with changing ambient temperature
and can shorten ignition delay, i.e, the time intervd between firing of the igniter and ignition of the
propellant. Plasma igniters dso diminate the conventiona chemica igniter and thus can enhance the
safety aspects of the overadl gun propulson system. All of these observations have a sgnificant effect on
the bdligics of ETC gun sysems and can lead to a useful improvement in gun performance and
accuracy.

NGEN3 CFD Code Description

The NGEN3 code has been documented elsawhere by Nusca and Gough [1,2,3]. The
governing equations, state equations and condtitutive relations are based on the works of Gough and
Zwarts [4] and Gough [5]. The two-dimensiond version of the code (physica and numerical models) is
described herein. Extensions to three-dimensions are described elsewhere [3].

Physical Modd

Since interior balligtics involves flowfield components of both a continuous (i.e., air and gaseous
propellant combustion products) and a discrete (i.e., solid propdlant) nature, a Eulerian/Lagrangian
gpproach is utilized, based on a solution of the conservation equations for a multiphase reacting flow.
Two phases are conddered, a continuous phase (multicomponent mixture of gases in locd mechanica
equilibrium), and a discrete phase (aggregate of particles made up of solid propelant grains). On a
aufficiently smdl scale of resolution in both space and time, the components of the flow are represented
by the baance equations for a multicomponent mixture describing the conservation of mass (globa and
for each species), momentum, and energy. The configuration (i.e,, particle Sze and number) of the
discrete phase makes the governing equations computationdly intractable. Therefore, a macr oscopic
representation of the flow is adopted using the baance equations derived by a formd averaging
technique applied to the microscopic flow. These equations require a number of condtitutive laws for
closure including molecular transport terms, state equations, chemicd reaction rates, intergranular
sresses, and interphase transfer of energy, momentum, and mass. In addition, the morphology of the
discrete phasesis required and is typically expressed as a surface area per unit volume of each particle.
The numerica representation of these balance equations and condtitutive laws, as well as the numerica
solution thereof, is described in the section titled Numerica Modd.

Multiphase Governing Equations

A generd overview of the multiphase governing equations as they apply to interior bdligtics is
given by Gough [4,5]. A brief description isincluded herein. The flowfield may be viewed as conssting
of a multicomponent fluid, referred to as the continuous phase, and the discrete phase. The continuous
phase is understood to be a multi-component mixture of gases and droplets or particles that are small
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enough to ensure local mechanicd equilibrium. The gases are dways in loca thermd equilibrium while
the droplets and particles are not necessarily so. The continuous phase is characterized by single local
vaues of dengity, r , velocity vector, u, temperature, T, pressure, p, shear stress tensor, t, and internd
energy, e. Itisassumed to comprise Nc species each characterized by local values of massfraction, ;.
Moreover, the velocity, u, is understood to be the barycentric or mass weighted average of the
velocities of each of the components [6]. Each component is characterized by a diffusion veocity, v,
relative to the barycentric vdue, u. The discrete phase is understood to refer to an aggregate of
particles or droplets conssting of a total of N; components. Each component is characterized by
dengty, r 4;, Stress tensor, sq;, velocity vector, ;i , temperature, Ty; , number density, n; , and
morphological datato characterize the volume, Vy;, and surface area, S, of each particle or droplet.
The temperature, Tq;, may be either a surface or a bulk temperature.

The macroscopic formulation of the baance equations is such that it reduces to standard
continuum equations in the context of sngle-phase flow. Given a microflow property y then <y >,
<y >, and <y >4, are used to respectively denote a bulk average, a mass-weighted (Favre) average
and an interphase surface average. The porosity, or the fraction of a unit macroscopic volume occupied
by the continuous phaseisdenoted by a. Smilaly, ag; isused to denote the volume fraction of thei-
th discrete phase. Evidently, a = 1 - & ag; , with the sum over al discrete components, Ny . The
ba ance equation for massis given by,

% alr)] + - [ar W] = gm &)

where my; is the rate of decompogition per unit volume of the i-th discrete phase. Each of the |
components of the continuous phase satisfies a baance of mass equation in the following form,
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where <w;> is the average rate of production per unit volume of species j by chemicd reactions and
<Y ;j >s is the average mass fraction of species j produced by the decomposition of the i-th discrete
phase including the effect of the surface resction. The macroscopic balance of momentum for the
continuous phase takes the form,
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where fy represents the interphase drag due to the i-th discrete phase. The energy equation for the
continuous phase takes the form,
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Note that the phase interaction terms on the right hand sde of Equation 4: heat transfer due to
conduction and radiation per unit surface area <q4>s, work done by the interphase drag, and heat



added due to decomposdtion of the discrete phases. The i-th discrete phase is governed by a
Macroscopic mass balance,

% [ai <rdi>] +N - [ai <rdi><udi>r] = - n’.]di ©®)
andogous to Equation 1, and a macroscopic momentum baance equation,
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Note on the right hand side of Equation 6 the formal presence of a stress term, <s -, Which reflects the
difference between the average stress in the i-th discrete phase and the average ambient pressure in the
continuous phase, interpreted as interactions between particles.

Constitutive Laws for the Continuous Phase

For smplicity of presentation consider the continuous phase to condst of a gas whose mass
fractionis Yy and aliquid phase whose massfractionis Y, =1 —Y, and admit al vaues of Yy between
zero (dl liquid) and one (al gas). The gas stisfies a covolume equation of date,

RT
p= 9 with e=¢T )
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wherepispressure, r 4 is gas dendty, R is gas condtant, T is temperature, b is covolume, e is interna
energy and G is the specific heat a congtant volume. For a mixture of gases the properties are
computed in the usua composition dependent manner. Temperature dependence is

not consdered. Theliquid is assumed to obey the law,
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where K; and K, are empirical congtants, r | is the dendity and r |, is the dendity a ambient pressure.
All liquid phases are assumed to be characterized by the same values of K; and K. The internd energy
of the liquid follows from an integra of Equation 8.

The solution agorithm provides vaues of mixture density, r ,, and energy, e,. Mixture pressure
follows from a congderation of the volume fraction of the gases, e, usng,
re=Yernle 5 ro=Yr /(l-e) 9
where avaue of e is determined such that p values according to Equations 7 and 8 agree.

At present the model neglects diffusive processes in the continuous phase such as viscous
effects and heat conduction. However, chemica resactions are admitted. In addition to Arrhenius
reactions in the conventiona form [6] a pressure dependent law and a shear strain dependent law are
admitted. The pressure dependent law is applied to cases involving the combustion of droplets or small
solid particles in the continuous phase mixture.
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where D, isthe droplet diameter, assumed a fixed vaue, and ks is a user pecified coefficient.

Constitute Laws for the Discrete Phase

Certain condtitutive laws associated with the presence of solid propellants are independent of
the isotropy of the arrangement of the propdlant. Briefly, these include the morphology of the
propdlant, or the surface area per unit volume; the burn rate, an exponentid function of pressure; and
the modd of thermd response during the ignition phase, a locd solution of the one-dimensiond hest
conduction equation driven by the interphase heet transfer as aboundary condition until a predetermined
ignition temperature is achieved. The condtitutive laws which depend on the isotropy of the propelant
arrangement are the intergranular stress laws, or rheology; the interphase drag; and the interphase heat
transfer. The laws listed herein gpply to randomly packed granular propellants.

. . . . _€g ds u’

The intergranular stress is taken to depend on porosity, a, usng, a(a ) = er—" Eg
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and the direction of loading as embedded into a formula for the rate of propagation of intergranular
disturbances,
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where a(a) has been recast into an equation with a form that is more suitable for numerica integration.
Both the isotropic and anisotropic forms are admitted. The Poisson ratios, n, and n,, are taken as 1/3
based on recent experimentd data[7].  In order to formulate the functiona behavior of aa) introduce
a,, the settling porogity of the bed, and vaues of a(a) equal to &, and & which respectively correspond
to loading a a, and to unloading/rdoading. The nomind loading curve, corresponding to monotonic
bed compaction from a,to asmdler vduea isgiven,

) .
S =S nom(a): r g_a ___i (12)
witha@a) ={ aasa (for s = Snom) ; @ (for s < Spom) ; 0 (for s =0) }. The interphase drag in a
granular bed is given in the following form,
l1-a, e C}S U
f, = D,. ggr u-up|(u-up) fq (13

Equation 13 refers to the exterior voidage, a., and the effective diameter, Q., based on the grain
exterior volume and surface area. 1n addition,

O _ Vg _ 008l 217] . _05+L/D | o rf|u_uP|DP‘3
gsb = C.ng = 085[25Re™™ | 2] 1 = o o) Re,
HereL isthelength of acylindrica grain, D asits diameter, r s and m are the densty and viscosity of the
gas a the film temperature. The viscodty is taken to have a Sutherland-type dependence on
temperature, m= 0.134064(T/298)"°/(T+110).
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The interphase hedt trandfer is assumed to be governed by an empirica correlation [8].

o NDy _ Be? . oo M _ 49 4 ., \9S
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where h = g/(T-Tp) asthe film coefficient and q is the hest transfer per unit surface area. The subscript f
denotes an evaluation of properties at the film temperature, (T-Tp)/2, where T and T, are respectively
the continuous phase bulk average temperature and the particle surface average temperature. The heat

transfer per unit volume, g, isrelated to g by, g, = (1-a) q SY/V,.

Asuming thet ignition is an essentidly uniform event with respect to the surface of esch
propdlant grain and supposing that the temperature distribution within the solid phase can be captured

by acubic profile, leads to the following expression for the surface temperature,
- 1/2

2
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where T, is the initid surface temperature. Ignition of the solid propellant grain is assumed to occur
when the surface temperature exceeds a pre-determined value. The rate of surface regression is given

by,

. . S .

go d =B, +B, p" and m? =(1-a)—2d (17), (18)
D t, 2 Vp

It should be noted that only one of Equation 16 and 17 has to be solved at each point according to the

temperature being less than or equd to the ignition temperature, respectively.

Numerica Modd

The balance equations, described above, conditute a system of coupled partid differentia
equations that can be solved using a finite-difference technique. The derivatives in these equations are
converted to algebraic expressons that pertain to a rectangular mesh of discrete, ordered points
digtributed about the geometry. Non-orthogona geometric surfaces are handled using virtua cells, part
of which may be occluded within geometric surfaces. Vaues of the dependent variables are determined
a the cdll centers using an iterative numerica method in space and time.  An explicit method is chosen
ance the resolution of boundary layers (either on the chamber wals or the particle surfaces) is not
conddered. The numericd time step is limited by characteristic cdl dimenson and the fastest
wavespeed (i.e., the Courant condition) except near the mesh boundaries where a virtua cell technique
isgpplied. The Courant condition is not overly restrictive for the present class of gas dynamic problems
ance the need for wave tracking is gpparent and thereby integration using Courant numbers larger than
unity is not desirable.

The spatid vaues of the dependent variables at each time step are determined by a numerica
integration method, denoted the Continuum Flow Solver (CFS), which treats the continuous phase and
certain of the discrete phases in an Eulerian fashion. The Flux-Corrected Transport (FCT) scheme [9]
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is a suitable basis for the CFS since the method is explicit and has been shown to adapt easly to
massively pardld sysems[10]. The discrete phases are treated by a Lagrangian formulation, denoted
the Large Particle Integrator (L), which tracks the particles explicitly and smoothes discontinuities
associated with boundaries between propelants yielding a continuous distribution of porosity over the
entire domain.  The manner of coupling between the CFS and the LPI is through the attribution of
properties (e.g., porodty, mass generation) a points in the flow. The size of the grid as well as the
number of Lagrangian particlesis user prescribed.

Continuum Phase

The Hux-Corrected Transport Algorithm LCPFCT [9] forms the basis for the CFS. The Virtud
Cdl Principle [11] can be used as a means of accommodating arbitrary boundary geometries within a
uniform, structured, rectangular mesh.  In the present work use is made of mesh boundary cells that are
partidly occluded by the doman boundaries and as such are reduced in size, thus requiring the
goplication of a locd characterigic andyss to insure numerica dability [12]. LCPFCT is a one-
dimensiond solver for acanonica baance eguation in the form,
r 1 1 D
.ET—t:-F%(rk‘lrv)-rk—_l(rk‘lDl)+Cz%+D3 (19)
where k = 1, 2 or 3 for planar, cylindrical and spherica flows respectively. Here r is the transported
variable and D, D,, and D; and are referred to as source terms. The computational domain is
decomposed into N cells. The ate variabler ; is consdered to apply to the center of thei-th cell. The
cdl hasvolume L ; and is bounded by surfaces whose areas are A.1> and A1 Which are presumed to
be orthogond to the fluid sreamline. Huid properties on the cdl boundaries are determined by
averaging with the vaues in adjacent cells Equation 19 is integrated according to a finite volume
formulation via severd steps in which strong diffusion isfirgt introduced and then subsequently canceled
by antidiffuson to the maximum extent congstent with the minima requirements of computationa
dability and the condition that the antidiffuson not introduce new maxima or minima in the updated
digribution of r. Asdiscussed by Boris et d. [9] LCPFCT may be made second order accurate in
time by usng a two-step scheme, firgt integrating from t to t + Dt/2 and then from t to t+Dt usng the
intermediate vaues to define the geometric terms and the source terms.  Further, LCPFCT is gpplied to
multidimensond Stuaions by timesplitting, integrating first in one direction and then ancther with the
gopropriate subsets of the multi-dimensond equations.  Referring to the system of equations for the
continuous phase, Equations 1-6, it is easy to see that each of these is of the form of Equation 19 with
the proper choicesof r, D,, D,, D3 and k. However, while anaturd set of choices for the fluxes would
bear,arYjaruarv,andae wehavedectedtouser, r Y, ru,rv, and e folding the influence of
the porogity, a, into the metric quantities Ai+1> and Ai+12. This sdection yidds smooth thermodynamic
date variables and minimizes the influence of the diffusve sep in the dgorithm.

Discrete Phase
Numerica representation of the discrete phase is assigned to the Large Particle Integrator

(LPI). The LM isintended to be applied to those discrete phases that cannot be assumed to be in
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mechanica equilibrium with the continuous phase. In al cases of practicd interest this will include al
solid propdlant increments.  Recdl that we adopt the nomenclature of charge “increment” to mean
distinct subcharges (or modules) that are usudly subcaliber (i.e., of radid dimenson smaller than that of
the chamber). The increment walls comprise the propellant boundaries (with ullage between these walls
and the chamber walls). In the case where the propdlant fills the gun chamber, then there are no
increments and the propelant boundaries are coincident with the chamber walls. In dther case the
propdlant boundaries are tracked explicitly via the adoption of a Lagrangian representation. These
boundaries are not viewed as discontinuities thus the porosity is made to vary continuoudly over a short
distance and internd jump conditions are not gpplied. Continuum flow resstance due to these
boundaries is atributed to boundary LPI particles. A condition of non-penetration by the continuous
phase isimposed on the CFS until a state of overpressure is reached and the boundaries are assumed to
yied. The CFSisrequired to be robust enough to integrate the flow in a stable manner in the presence
of drong porogty gradients resulting from this trestment; LCPFCT meets this requirement.

Condder a sngle charge increment defined by a rear and forward ddimiter and by an inner and
an outer delimiter. The increment is assumed to occupy uniformly the cylindrical domain defined by
these delimiters minus any intrusons by the chamber wals. The increment is then represented by a
sructured array of LPI-particles. These are arranged in an axidly uniform manner from the rear to the
forward ddimiter and radidly from the inner to the outer ddimiter. Each particleis assgned aweight as
follows. The grain number dendty, n, may be computed from np = M; / (r oV,Vi), where M; is the
increment mass and V; the increment volume and r ,, V,, are respectively the density of the propellant
and the initid volume of an individud grain. Then the number weighting of a particle is taken to be
times the volume of a cylinder defined by the midpoints between the particle and its four neighbors. For
boundary particles the relevant midpoint vaue is replaced by the appropriate axia or radia coordinate
of the particle. It is easy to see that this process automatically assgns non-zero weight to & most one
particle that was pushed into contact with aradia boundary. In addition to number weighting, each LPI-
paticle is assigned the following attributes axia/radia postion, velocity, surface regresson and
temperature, cubic profile therma parameter (Eq. 15), porosity, and intergranular stress.

At each time step, Equation 6 is integrated usng a smple first order time differencing scheme.
The pressure gradient is computed on the continuum mesh by means of centra differencing to define cdll
centered values. Then for each LPI-particle a loca value of pressure gradient, together with dl other
necessary continuous phase state variables, is computed using linear interpolation in both the radid and
the axid directions. The positions are updated firgt for dl LPI-particles. Then, in a second sweep the
velocities are updated and subjected to the externd boundary condition. Depending on the surface
temperature ether the therma parameter (Equation 16) or the surface regresson (Equation 17) is
integrated. In the same sweep al the interphase transfer properties (see Condtitutive Laws for the
Discrete Phase) are computed for each particle. The gradient of intergranular stress is computed using
differences between the LPI-particles that neighbor the particle in question. One-sded differences are
used a boundaries. Field properties determined by the LPI are mapped onto the grid for the continuum
flow solver together with the porogity digtributions as follows. At each time step each particle is
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assgned arectangular domain of influence. Let z. and z; be the left and right axid ddimitersand r, and
r, betheinner and outer deimiters. Let the coordinates of the particlebe (z; , ;) and let,

Vi :%(ZR 'ZL)[(rij +ro)2'(rij +ri)2] (20)

be the volume associated with the particle. If Vj,;; and N; are repectively the grain volume and the
number weighting, we can define the particle volume fraction, aj; = Vp, i Nij / V;; and smilarly for the
other interphase data such as mass and enthapy transfer and drag. The value of a;j o defined is used
to update the solid propellant intergranular stress by means of a smple first order time difference. To
assign the LPI-particle volume to the continuum mesh we smply scan the continuum mesh to find those
cdlswhose centers are in the domain of influence. Let (z, ro) be the coordinates of such a cell center.
Defing,

w, :! Zr%c for (zC 3 zij) T (zC <zij)z

1 Zr ~ % Z;-Z,
and define wg anadlogoudy for the radid direction. Then the continuum cdl in question is assigned a
volume fraction contribution wsw.a ;; and smilarly for the other interphase properties. These values are
summed over dl LPI-particles. It is not hard to see that this is tantamount to a bidirectiond linear
interpolation process. It is aso clear that the procedure described in this section results in an implicit

integration of the mass baance given by Equation 5.
Accomplishments

Numerical smulations of the MACS as well as ETC-ignited HLD charges being designed for
the FCS have been performed usng HPCs. Significant progress has been made toward accomplishing
the Grand Chdlenge as outlined at the beginning of this paper. In this introduction, a list of those
accomplishments is provided. Unfortunately, graphica results of the smulations leading to these
accomplishments cannot be provided in this public-release paper. As both a subgtitute and as a means
of demondrating the NGEN3 code, this section does include severd illugrative examples of both
MACS-type and HLD charges.

The NGEN3 code was utilized for the XM297 Crusader Cannon and the MACS propdlling
charge increments that are under development by PM-Crusader and PM-Crusader/Munitions. Three
accomplishmentsare: (1) NGEN3 smulations for the XM231, low-zone MACS charge, displayed the
importance of non-sequential centercore charge ignition, module movement and case ignition/burn-
through, 2D and 3D propdlant flamespreading behavior within the modules, module cap separation, and
non-sequentia module burgting [13]. These amulations are aiding in the type classfication of the charge.
(2) The NGEN3 code was used to uncover a heretofore-unknown physical phenomenon for the
XM232 high-zone MACS charge that only occurs during charge falback in an devated gun tube.
NGEN3 smulations of these charges proved that a prevailing gas dynamic process, when the modular
charges are positioned adjacent to the gun chamber breech face would cause the rigid charges modules
to be displaced forward. This displacement mitigates any pressure wave formation that would have
occurred had the charges remained on the breech face during flamespreading and rupture [13].
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Laboratory fixture tests, conducted at ARL, validated the code. Subsequently, the NGEN smulations
for the XM232 were used to plan range testing of the XM297 cannon & YPG. The YPG gun tests
confirmed that XM232 increments a Zones 4 — 6 postioned adjacent to the wedge face support
predictions by the NGEN code; the baligtic cycle is virtualy unchanged, except for dight differencesin
timing. (3) NGEN3 code smulations for the XM232 charge uncovered a heretofore-unknown physical
phenomenon involving the importance of case combustion. In was found that case combustion is clearly
a sgnificant contributor to chamber pressure and a dgnificant factor in the generation of pressure
differentids in the gun chamber. NGEN3 smulations indicate that the prediction of pressure differentids
that are amilar to those measured in the gun firings are not possble without first achieving good
agreement with measured pressure data early in the balistic cycle and including the effects of case
combustion [14].

In other gpplications of the NGEN3 code, for direct-fire gun systems, solid propellant charges
ignited using conventiona and ETC igniters were Smulated using the NGEN code. Smulations of 60mm
[15] and 120mm tank charges composed of disk and granular solid propellant media demonstrated the
ability of the NGEN code to accommodate ignition and flamespreading through a nove charge including
the effects of projectile afterbody intruson and movement as wel as compresson and the resulting
ignition delay in the propellant. These smulations reveded that the igniter, positioned a the gun breech,
could be s0 forceful as to compress the disk charge, closing critica flow paths in the charge and
preventing effective flamespreading and even ignition. These smulations showed that the low molecular
weight plasma, generated by an ETC igniter, could circumvent this problem by edtablishing a
convectively driven flame that propagates fadter than the materid compresson wave in the disk
propelant thereby permitting an even ignition of the charge. A basc design tenet for usng HLD charges
was established, namely pressure waves in the chamber generated by the conventiond igniter, when
paired with the disk propelant charge, were avoided by using an ETC igniter.

Reaultsfor a Typica Indirect-Fire Gun Chamber

Fgure 1A shows a schematic of the gun chamber filled with granular propelant. Since the
configuration is axisymmetric, only one radid plane is digplayed that extends from the chamber
centerline (y=0) to the outer wall (doped from 8.4cm to 8.1cm). The axia extent, from the breech to
the projectile base, is 106cm (the gun tube extends beyond this point for an additiona 594cm). The
projectile mass is 44kg and ressts movement for the first 5cm of travel. The granular propelant is
cylindrica (physical characterigtics are available from the author). The porosity of the propellant bed is
0.63.

Figures 1B and 1C show dternate arrangements in which the granular propdlant is packaged in
ether one or two cylindrica modules. These modules are assumed to be digned aong the centerline of
the chamber and to consist of a main charge section (porosity of 0.63) and a centercore that is filled
with bal propdlant with properties that are distinct from the granular propellant (porogity of 0.4). The
module are seded with wadlls that are rigid but permegble, admitting flow (or “lesking”) only after a
sgnificant gas pressure differentia has been reached. Subsequently, these walls are alowed to break or
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“buret” after afixed time interva has egosed Snce over pressurizing. A rigid body andyss is enforced
up to the ingtant of container bursting. These walls can resist subgtantia pressure loading except for the
radid wal separating the main charge from the centercore (i.e., an internd wadl) and the axid wal that
represents a module cap that is used to fill the modules.  This cgp is located at the module end
closest to the chamber breech. However, breskage of the internal wall or the module cap does not
relax the rigid body treatment of the remaining module components. In each case the charge isignited at
the breech end, near the chamber centerline over 2cm of length, 3cm in radius and during the first 6ms.
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Figure 1. Schematics of Gun Charge Configurations. A) Loose Charge, B) Packaged Chargein
Sngle Module, C) Packaged Chargein Two Modules. Ignition Source Indicated by (*).

Figure 2 summarizes the computed results for the one module charge (Fig. 1B). The breech-
end igniter Sarts a flame that quickly opens the centercore and ignites the ball propellant; gas flows into
the radid ullage region (Fig. 2A,B). After about 3ms, the centercore is fully ignited, flow is filling the
ullage near the projectile, and the internal wall separating the centercore from the main charge is opening
(Fig. 2CD). By 6ms the man charge is fully open and partidly ignited (Fig. 2E,F). Increased
pressurization of the module causes the module cap to separate (Fig. 2G) and gas flow to exit the
module at high velocity againgt the breech face.

Figure 3 summarizes the computed results for the packaged charge of two modules (Fig. 1C).
The breech-end igniter starts an ignition wave or flame that quickly opens and ignites the first centercore

13



(Fig. 3A-D). Gasflow fills the ullage regions in the chamber and bursts into the second centercore but
falsto ignite the bal propdlant a thistime (Fig. 3D). By 8msthe main charge of module 1 is open and
partidly burning (Fig. 3E,F) emitting hot flow that ignites the second centercore. A pressure wave,
traveling though the radid ullage and into the region near the projectile base, over pressurizes and bursts
the second centercore at its far axid end (Fig. 3E). As a result, main charge flamespreading in the
second module begins nearest to the projectile base (Fig. 3H). By 11ms the main charge of the first
module is fully ignited causing increased pressure that burds the endcap, causing high velocity flow

againg the breech face (Fig. 3G) and a sudden
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Figure 2. Computed Results for Packaged Charge (1 module): A,B) Time = 1ms;, C,D) Time =

3ms; E,F) Time = 8ms; G,H) Time = 11ms. Gas Velocity Vectors along with Module Boundaries
(A,C,E,G) and Propellant Temperature Contours (B,D,F,H) ranging from 294K (white) to 440K
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forward movement of the first module. This movement increases the pressure againg the endcap of the
second module and causes it to burst (Fig. 3l). These events cause the second module to move
forward and impact the projectile base (Fig. 3J).

The pressure histories of the events described in Figures 2 and 3 are shown in Figures 4 and 5.
For the case of two modules (Figure 5) the breech pressure is dowly increasing nearly coincident with
projectile base pressure (zero pressure differentia) until about 10ms.  Subsequently, the base pressure
increases rapidly (-1.5MPa pressure differentid) in response to pressure waves caused by the initia
disntegration of the firs module and the igniting of the second. Between 11ms and 18ms a series of
three pressure waves (seen as repeating positive, +1 MPa, and negative, -1 MPa, pressure differentias)
is caused by the movement and breskup of the modules. Another negative pressure differentid (-
2.5MPa) occurs a 21ms due to the impact of the second module upon the projectile base.  After this
time the now loose propellant is free to move within the chamber and these waves subside (note postive
differentid after 22msin Fg. 5).
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Reaultsfor a Typica Direct-Fire Gun Chamber

Figure 6 shows the computed porosity contours (white to black: open space to nearly solid
materid) and propellant temperature contours (white to black: ambient to 440K) for a 120mm HLD
charge congsting of separate regions of disk and granular propellant. The propellant disks are stacked
axidly in the chamber; each disk has an inner radius that provides space for the igniter and the projectile
afterbody and outer radius that is smaler than the radius of the chamber (shown from centerline to
chamber wall). Figure 6A showsthe initid condition of the charge (i.e., before the igniter is activated).
Figures 6B and 6C show the condition after 6ms (note that the projectile has moved into the gun tube
and out of view). It can be noted that the granular propellant has been consumed and that the stack of
disks has been pushed forward but is not fully ignited (Figure 6C). Thereis aregion of disks that have
been compressed forward (from 50-55cm in Fig. 6B) and thus the intertitial gaps have been closed
preventing convective heat trandfer. When this smulaion is repeated usng an ETC igniter, plasma
convection is accomplished between dl disks before sgnificant disk compression and thus the entire
gtack of disk propelant is efficiently ignited.

Figures 7 shows the computed porosity and pressure contours for a 60mm chamber with two
regions of SP disks. The propellant disks are stacked axidly in the chamber; each disk has an inner
radius that provides space for a centercore ullage region (that permits the flow of igniter/plasma gases)
and outer radius that is smaller then the radius of the chamber (shown from centerline to chamber wall).

Figures 7A and 7B show the early time (0.5ms) condition of the charge. Figures 7C and 7D show the
condition after 5ms. It can be noted that pressurization of the rearmost region of disks occurs in the
center of that region (Figure 7B) — pressure firg increases in the center and one can observe flow

18



sreaming from the center into the ullage region below the disks. This region has not ignited (the porosity
contours of Figure 7A show no drop in
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Figure 6. Computed Results for 120mm High-Loading Density Charge (SP disks & grains): A)
Porosity Contours (black is dense material) at Initial Time; B) Porosity Contours at 6ms; C)

Propellant Temperature Contours (black isignited propellant at 440K) at 6ms.

porosity a the center of the region a thistime). It is here that the flow confinement is the smdlest (i.e,
away from the breech face), a least initidly, and the igniter gases can flow somewhat fredy. Later in
time, a dgnificant pressurization occurs at the rear of the rearmost region of disks (Figure 7D) caused by
propellant ignition (i.e., the porogity contours of Figure 7C show that the disks are being consumed).
This is the breech ignition process and is not usudly desirable in HLD charges since this condition can
cause the disks to compress up against the projectile base, retarding flamespreading through the charge.

In this case, the loading densty is high enough that with little ullage in the chamber for pressure rdief,
the breech face of the chamber is being inappropriately stressed. It is clear that for HLD charges of this
type, some charge reconfiguration is required in order to achieve efficient charge ignition and
combustion.

Summary

The Army Research Laboratory has developed a scaeable, 3D, multiphase, computationa fluid
dynamics (CFD) code with gpplication to gun propulson (interior balistics) moddling. The NGEN3
code, which incorporates generd continuum equations aong with auxiliary relations into a modular code
dructure, is transportable between computer architectures and is applicable to a wide variety of gun

19



propulsion systems. Two such systems are the Army’s Modular Artillery Charge System (MACS) and
the Future Combat System (FCS). NGEN3 code development and application to the MACS and
FCSis currently aDoD HPC Grand Chdlenge (No. 112) and
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Figure 7. Computed Results for 60mm High-Loading Density Charge (two regions of SP disks):
A) Porosity Contours and Velocity Vectors at 0.5ms; B) Pressure Contours at 0.5ms; C) Porosity
Contours and Velocity Vectors at 5ms; D) Pressure Contours at 5ms.

sgnificant progress has been made to date. The progress report given in this paper demondrates the
utility of DoD high performance computers (HPCs) in meeting this chalenge.
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